Reduced TiO 2 (TiO 2ÀX ) materials with different crystallographic structures were prepared and characterized.
Introduction
Owing to its abundance, low toxicity, chemical and thermal stability, and resistance to photocorrosion, TiO 2 has been extensively studied as a catalyst for different photocatalytic reactions, [1] [2] [3] [4] and used for paints, 5 coatings, 6 supports for drug delivery, 7 angiogenic agents 8 and so on. Crystalline TiO 2 itself has limited practical applications as a photocatalytic material because its activity is driven by ultraviolet (UV) light. Nonetheless, it was demonstrated that partially reduced TiO 2 with Ti 3+ and/or oxygen vacancies can be an efficient photocatalytic material under visible light irradiation. [9] [10] [11] [12] In the presence of Ti 3+ and/or oxygen vacancies, the photo response of TiO 2ÀX can be extended from the UV to the visible light region, leading to visible-light photocatalytic activity not only for the generation of hydrogen from water but also for the degradation of different organic pollutants.
13-17
The most stable polymorphs of TiO 2 are three, viz. anatase, rutile and brookite. 18, 19 Although rutile is thermodynamically the most stable, anatase is oen dominant in nanocrystalline TiO 2 because of its lower surface energy. In numerous studies, anatase was found to be photocatalytically more active than rutile. 20 Brookite is stable at relatively lower temperature and is commonly obtained together with the other polymorphs. 21 Recently, strategies have been developed to synthesize TiO 2ÀX with different morphologies and phases. It was found that TiO 2ÀX crystallinity and morphology can have a dramatic impact on photocatalytic properties. For example, TiO 2ÀX in the form of anatase, 14, 22, 23 rutile, 13, 17, [24] [25] [26] and brookite 27, 28 were studied as photocatalytic materials for water splitting under visible light, which is the most widely studied application. The use of titanium oxide, especially anatase, has also been studied for hydrogen generation by methanol photoreforming. 29 However, few systematic studies on TiO 2ÀX isoforms for photocatalytic the degradation of organic pollutants in water have been reported, nor have the degradation mechanisms been assigned. [30] [31] [32] [33] [34] It would be of great scientic interest and practical importance to nd out the differences among the various TiO 2ÀX in terms of reaction kinetics and mechanism for the degradation of organic pollutants in water.
Noroxacin (Nor) is a uoroquinolone antibiotic widely used for respiratory and bacterial infections. [35] [36] [37] Because of its low metabolic rate and poor biodegradability, uoroquinolone antibiotics are detected not only in effluents of wastewater treatment plant, but also in surface water and other environmental matrixes. [38] [39] [40] The persistence of uoroquinolone antibiotics in aquatic environment in particular can lead to antibiotic resistance. [41] [42] [43] Almost 70% of Nor was le in the sludge of biological treatment plants. 41, 44 As a result, pathogens become increasingly resistant to the drugs, 43, 45, 46 posing a great threat to aquatic and terrestrial organisms as well as to humans. Recently, systems of photocatalytic degradation under UV light, [47] [48] [49] nanoscale zero-valent iron with H 2 O 2 , 50 electro-Fenton treatment, 51 thermally activated persulfate, 52 and gamma-ray irradiation 53 were deployed to remove Nor. However, these approaches suffer from drawbacks such as high energy consumption, low degradation efficiency and being environmentally unfriendly. 49, 54 The development of efficient photocatalytic materials for the degradation of Nor still remains as an important issue and challenge.
In this study, a series of TiO 2ÀX with different crystalline phases and Ti 3+ concentrations were synthesized and studied for the degradation of Nor under visible light irradiation in water. The degradation kinetics and the roles of reactive oxygen species (ROSs) were elucidated. The mechanistic steps of Nor degradation on the TiO 2ÀX were explored based on both theoretical calculations and experimental results.
Experimental

Chemicals
Nor (Sigma-Aldrich) was used as received ($98%). 5,5-Dimethyl-1-pyrrolidine N-oxide (DMPO, 97%) was supplied by SigmaAldrich (Saint Louis, MO, USA). Water of HPLC grade was obtained using a Millipore Milli-Q system in which a xenon arc lamp at 172 nm was used to provide constant illumination to keep the total organic carbon (TOC) concentration of water below 13 mg L
À1
. Formic acid (88%) and tert-butyl alcohol (99.5%) were purchased from Fisher Chemical and J.T. Baker, respectively. Acetonitrile for mobile phase was also purchased from Fisher Chemical. The syringe lters with MCE membrane having pore size of 0.22 mm were from CELLTREAT Scientic. Other reagents were all analytical grade.
Preparation of different TiO 2ÀX polymorphs
All catalysts were prepared following procedures published elsewhere, 13, 17, 23, 27 and the details are provided as ESI. †
Characterization of different TiO 2ÀX polymorphs
Powder X-ray diffraction data were collected on a Bruker D8-Advance powder diffractometer operating at 40 kV and 40 mA (Cu K a radiation, l ¼ 1.5406Å). The EPR spectra were obtained on a Bruker EMX/plus spectrometer (Germany), with a resonance frequency of 9.363 GHz, microwave power of 20.0 mW, modulation frequency of 100 kHz, modulation amplitude of 1.0 G, sweep width of 800 Gauss, center eld of 3400 Gauss, time constant of 40.96 ms, sweep time of 81.92 s, and receiver gain of 1.0 Â 10 3 . DMPO (100 mM) was used as the spin-trap agent. The UV-visible absorption spectra were recorded on a Shimadzu UV-3101 PC UV-Vis-NIR spectrophotometer operating in the diffuse mode with the application of Kubelkae-Munk equation. BET measurements were performed using an ASAP 2020 (Micromeritics) equipment.
Photocatalytic degradation experiments
The experiments of Nor degradation were performed in a photochemical reactor (Perfect, Beijing, Perfect Technology Co., LTD). The light was from a 300 W Xe lamp (350-780 nm, operated at 10 A) installed with a 400 nm cut-on lter (Newport Corp.) that was housed on top of a 150 mL beaker. The distance between the light and reactor was 15 cm and the light intensity (>400 nm) was 14 mW cm À2 . Prior to illumination, a mixture of Nor (100 mM L À1 ) and TiO 2ÀX (0.100 g) was stirred in dark for 30 min to achieve adsorption-desorption equilibrium. Then, the light was turned on and the solution was irradiated under constant stirring. The reaction solution was sampled (2 mL) at xed time intervals, and analyzed (aer going through a 0.22 mm lter) by HPLC, HPLC/TOF/HRMS and HPLC-MS/MS techniques. Upon termination of the experiment, the reaction solution was subject to TOC measurement aer centrifugation for the removal of solid substances. All experiments were performed at room temperature (21 AE 1 C) and the pH values were adjusted to 7.0. Each batch experiment was performed in triplicate. In most cases, the error was less than 5%.
Analysis
The photocatalytic degradation kinetics of Nor was studied at 25 C using an Agilent 1260 HPLC (Kromasil C 18 column, 150 Â 4.6 mm, particle size of 5.0 mm) instrument. The mobile phase was 60% CH 3 CN and 40% H 2 O (containing 0.3% HCOOH). All of the solutions were ltered with a Water Associates (Milford; MA, USA) 0.45 mm lter before analysis. The injection volume was 20 mL. The detection wavelength for all compounds was 276 nm, 47 and the ow rate of mobile phase was 0.5 mL min À1 .
To conrm the generation of radicals, EPR investigation was conducted using DMPO as a spin-trapping agent over a Bruker instrument (EMX EPR/X-band, Germany). Samples were collected at designated time and subject to centrifugation (8000 rpm min À1 ) for 5 min. Aer that, the solution was transferred into a 100 mL capillary tube which was then xed in the cavity of the EPR spectrometer. The photocatalytic degradation intermediates were analyzed rst over an Agilent 1200 Innity LC system coupled with a quadrupole time-of-ight high resolution mass spectrometer (Q-TOF HRMS, Triple TOF 6210, AB SCIEX, USA). The injection volume was 10 mL. Chromatographic separation was performed using a Thermo BDS Hypersil C 18 column (2.1 Â 100 mm, particle size of 2.4 mm, Thermo Fisher Scientic, Waltham, MA) maintained at 30 C at a ow rate of 300 mL min À1 . The mobile phase was composed of A (water containing 0.3% formic acid) and B (acetonitrile). Triplicate analyses were performed for each sample.
Theoretical calculation for PCs and FEDs
Molecular orbital calculations were performed using Gaussian 03 program (Gaussian, Inc.) at the single determinant (HF/3-21) level. The optimal conformation having a minimum energy was obtained at the B3LYP/6-31G* level. The (FED HOMO 2 + FED LUMO 2 ) and 2FED HOMO 2 values were acquired to predict the initial state of hydroxyl radicals (cOH) and photoholes (h + ) interaction with Nor, respectively. Also, the point charges (PCs) were calculated by means of natural bond orbital (NBO) to predict the adsorption orientation of Nor molecules on the surface of TiO 2ÀX .
Results and discussion
Characterization of different TiO 2ÀX
As shown in Fig. 1 , Cat.I-A displays XRD peaks at 2q ¼ 25.4 , 37.9 , 48.1 and 53.1 and these peaks match well with the structure of anatase. For Cat.II-R, the XRD pattern matches well with rutile structure. According to JCPDS card no. 29-1360, Cat.III-B is a brookite with no other phases. 27 As for the four Cat.IV-A&R samples, the XRD results indicate the presence of both anatase and rutile phases. 13 We used the W R ¼ A R /(0.884A A + A R ) equation to estimate the weight percentage of rutile (W R ) in the mixture, with A A and A R corresponding to the integrated intensity of the rutile (110) and anatase (101) peak. 24 The results indicate that W R for Cat.IV-A&R-1, Cat.IV-A&R-2, Cat.IV-A&R-3 and Cat.IV-A&R-4 is 88.9%, 82.4%, 24.7% and 5.3%, respectively. And correspondingly the anatase weight percentage is 11.1%, 17.6%, 75.3% and 94.7%. 
Degradation kinetics of nor on TiO 2ÀX under visible light
The application of the seven catalysts for the degradation of Nor under visible light (>400 nm) irradiation was performed, and the results are presented in Fig. 3 . Without a catalyst or with P25 TiO 2 , there is no degradation of Nor, whereas in the presence of the catalysts, Nor degradation is substantial. All these TiO 2ÀX catalysts enable degradation close or equal to 100% within 240 min except for Cat.II-R. The plots of Àln(C/C 0 ) vs. time display a degradation rate of pseudo-rst order ( concentrations, however these samples show relatively low degradation rates. In this special case of using TiO 2ÀX for Nor degradation, Cat.IV-A&R-4, which is low in Ti 3+ concentration and second in Nor adsorption capacity, exhibits highest photocatalytic activity. The results suggest that the degradation efficiency is a synergetic effect of a number of factors. We then turned our attention to the contribution of ROSs such as cOH and photogenerated holes (h + ) and electrons (e À ) (Table 2 ). Formic acid (FA) is considered a scavenger for h + and cOH, while tert-butanol (t-BuOH) is an excellent quencher of cOH as illustrated by eqn (1).
57,58 FA under neutral and acidic conditions is strongly adsorbed on the surface of TiO 2 , consuming h + (eqn (2)) and eliminating or intercepting the generation of cOH (eqn (3)).When 0.1 g of FA is introduced to the solution as a diagnostic tool for suppressing the h + and cOH species, the photocatalytic degradation of Nor is inhibited signicantly ( Table 2) Cat.IV-A&R-2, Cat.IV-A&R-3 and Cat.IV-A&R-4, suggesting that 87%, 86%, 83%, 80%, 88%, 89% and 90% of the photocatalytic degradation efficiency may be caused by h + and cOH. On the contrary, when 6 mL t-BuOH is added, the degradation rate constants change only slightly to 0. It is envisaged that if h + has a major role, a catalyst of higher specic surface area should perform better. However, it is noted that despite Cat.IV-A&R-4 is the second highest in specic surface area, the contribution of h + (56%) is the lowest. This phenomenon could be related to the high adsorption capacity of Cat.IV-A&R-4 which is about 40 mmol g À1 , the second highest among the seven catalysts (Fig. S3 †) . In such a case, the surplus h + reacts with H 2 O to produce cOH (eqn (4) Furthermore, there is no detection of cO 2 À signals due to the rapid conversion of DMPO-OOH to DMPO-OH (Scheme S1 †).
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To evaluate the generation efficiency of cOH of the different TiO 2ÀX , the DMPO-OH signals collected at 10 min was subject to integration and the results were compared (Fig. 4b) . To our surprise, there is no direct relationship between cOH concentration and the presence of Ti factor to afford the generation of cOH. More importantly, it is also indicated that cOH doesn't play a decisive role in the degradation of Nor during TiO 2ÀX /visible light system. We come to a similar conclusion when we compared the TOC values of the reaction solutions aer 4 h of photodegradation over the different TiO 2ÀX (Fig. 5) . Among the seven catalysts, Cat.IV-A&R-2, Cat.IV-A&R-3 and Cat.IV-A&R-4 show higher ability for Nor mineralization. The TOC value over Cat.II-R, Cat.III-B, and Cat.IV-A&R-1 is 
Intermediates and pathways for nor degradation on TiO 2ÀX under visible light
We used the HPLC-TOF-HRMS technique to identify the degradation intermediates and to elucidate the reaction mechanism of Nor degradation on the TiO 2ÀX samples. As shown in Table 3 , 19 degradation intermediates, namely, P1 to P19, were detected. Not all, but most of these are detected over each individual catalyst. Briey, P9, P14 and P18 are not detected over Cat.I-A; P2, P7, P10, P12, P14 and P15 are not detected over Cat.II-R; and P2, P7, P10, P12 and P15 are not detected over Cat.III-B. Furthermore, P2, P7, P9, P10, P12 and P15 are not detected over Cat.IV-A&R-1; P7, P9, P10, P12 and P15 are not detected over Cat.IV-A&R-2; P4, P7, P12, P14, P15 and P18 are not detected over Cat.IV-A&R-3; and P4, P7, P14, P10, P15 and P18 are not detected over Cat.IV-A&R-4. It is apparent that the reaction mechanisms are somewhat different over the seven catalysts.
The HPLC-TOF-HRMS technique can only offer molecular weights of species based on which one can propose molecular formulas but not molecular structures. To achieve the latter, we puried the puried main degradation intermediates by semipreparative HPLC and analyzed them by HPLC-MS/MS. The results are summarized in Table 4 while the tandem mass spectra are shown in Fig. S4 . † On the basis of the data, we come to the following understandings:
The There is no detection of signal that can be assigned to the neutral loss of a CO 2 . Accordingly, P10 is ascribed to 7-amino-1-ethyl-6-uoro-2-hydroxyquinolin-4(1H)-one. the MS/MS may be assigned to the losses of NH 3 and H 2 O from the parent ions, respectively. There is no detection of any other fragment ions, and thus the compound is ascribed to 2,4-diaminophenol. P12 can be ascribed to 1-ethyl-7-(ethylamino)-6-uoro-2,5,8-trihydroxy-4-oxo-1,4-dihydroquinoline-3-carboxylic acid. Its fragmentations only suggest the presence of -OH group, and with a molecular formula of C 14 1-Ethyl-6-uoro-2,5-dihydroxy-4-oxo-7-(piperazin-1-yl)- 1-Ethyl-6-uoro-2-hydroxy-4-oxo-7-(piperazin-1-yl)- piperazine ring as similar as parent molecule. Accordingly, the compound is deduced to be 1-ethyl-6-uoro-2,5-dihydroxy- Interestingly, the MS/MS of the protonated ions of P17 and P18 are very similar, which revealed the neutral losses of NH 3 , H 2 O and CO 2 , but not the neutral loss of -C 2 H 5 N, suggesting the disappearance of the piperazine ring. Therefore, the two compounds are ascribed to 7-amino-1-ethyl-4-oxo-1,4-dihydroquinoline-3-carboxylic acid and 7-amino-4-oxo-1,4-dihydroquinoline-3-carboxylic acid, respectively.
The MS/MS of the [M + H]
+ ions of P19 showed the neutral losses of NH 3 , H 2 O and -C 2 H 5 N, though no loss of CO 2 was observed. The compound may be ascribed to 2-(6-(ethylamino)-3-uoro-2-hydroxy-4-(piperazin-1-yl)phenyl)-2-oxoacetic acid. Despite these variations in degradation intermediates across the TiO 2ÀX , we propose a general transformation mechanism for Nor degradation as shown in Fig. 6 . We nd that, h + is the species most responsible for Nor decomposition. Following oxidation, a Nor molecule loses its piperazine ring, and the P5 and P6 intermediates are detected across all catalysts. Consequent degradation mechanisms include loss of a carboxyl group, addition of -OH to the quinolone ring, and substitution of the F atom. P19, a product from direct interaction of cOH and the quinolone ring, is detected across the catalysts. Also, P4 with the F atom substituted by -OH is observed for each TiO 2ÀX except for Cat.IV-A&R-3 and Cat.IV-A&R-4. Additionally, the monohydroxylated product P14 is detected over Cat.III-B, Cat.IV-A&R-1 and Cat.IV-A&R-2. With prolonged reaction time, the degradation intermediates further react with h + , cOH, and other ROSs leading to the mineralization of Nor.
Mechanism of photocatalytic degradation of nor on TiO 2ÀX
Under visible light, the TiO 2ÀX can be activated to generate photo-excited electrons in the conduction band and hole in the valence band. The experiment shows that the e À reacts with dissolved oxygen and subsequently results in the generation of cOH and other ROSs. On the other hand, h + interacts with H 2 O to generate cOH or reacts with Nor directly as shown in Fig. 7 . 
Conclusions
Seven TiO 2ÀX were prepared and studied for the degradation of 
Conflicts of interest
There are no conicts to declare.
